Abstract: Nano-Fe/carbon fiber/ Low-density polyethylene (LDPE) composites were prepared by melt compounding. The electromagnetic shielding properties of nano-Fe/CF/LDPE composites as a function of nano-Fe mass content were investigated. The data of DC electrical conductivity evidence percolation behavior of the composites, and percolation threshold descends with the increase of nanoFe. When the CF/LDPE composites reach the percolation threshold (p CF =0.10), "double percolation" appears in the nano-Fe/ CF/LDPE composites as continuously adding nano-Fe into the CF/LDPE composites, and the percolation threshold of the "double percolation" is 0.10 mass fraction of CF and 0.08 mass fraction of nano-Fe, which result in at least 10 3 orders of magnitude greater than that of CF/LDPE composites. The data of Initial DC permeability μ r , coercivity H c , saturation magnetization M s and residual magnetization M r of nano-Fe/CF/LDPE composites at the magnetic field intensity between -2500 G and 2500 G enhance with increasing addition of nano-Fe. The value of relative permeability decreases as the loading of nano-Fe is increased from 0.04 to 0.19 mass fraction in frequency ranges of 300 KHz-100 MHz. The EMI SE in frequency ranges of 300KHz-100MHz increase with the addition of nano-Fe, and mechanism of electromagnetic shield for nano-Fe/CF/LDPE composites is compound shielding mechanism with reflection loss R and absorption loss A. Absorption loss A increases significantly with increasing addition of nano-Fe from 0.04 to 0.19 mass fraction, and increasing trend of reflection loss R slow down as mass fraction of the fillers reach percolation threshold.
Introduction
EMI (Electromagneitic Interference) shielding in electronic apparatus is used to stop the disturbing radiation from escaping from the equipment or to stop the incoming one from penetrating to the equipment [1] . According to Schelkunoff theory [2] , EMI SE of homogeneous materials in plane radiation field (far field) is the consequence of reflection loss R, absorption loss A and internal reflection loss B at exiting interfaces of the incident electromagnetic waves in the sample, is given as [3] . 
where L(m) is the barrier's thickness; γ is the transmit constant. α is attenuation constant, which indicates the change of range in electromagnetic wave's transmitting path. β is phase constant, which indicates the change of location in electromagnetic wave's transmitting path. ω(Hz) is angle frequency of electromagnetic wave. μ(H·m ) and σ(s·cm -1 ) are complex permeability, complex permittivity and electrical conductivity of shielding materials, respectively.
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Generally, Z 1 =377Ω, where Z 1 and Z 2 are impedances of free space and shielding materials, respectively. 
B is negative and determined by A. And it can be ignored when A>10dB.
As σ>100ωε, A and R can be given by Eq.(11)- (12) : 
As seen from Eq.(10)- (12) , when L and f are fixed, A is directly proportional to  and  of the shielding sample, and R is directly proportional to lgσ, inversely proportional to lgμ of the shielding sample. That is to say, EMI SE of a shielding material is determined mostly by its electrical property and permeability.
Polymer matrices composites with high electrical conductivity are applied widely in electromagnetic shielding region for their light weight, low cost, attractive mechanical property, stability, flexibility, and easy processing, which are produced by incorporating electrically conductive fillers into polymer matrices. According to percolation theory [4] , electrical conductivity is established by percolative network formation of the fillers and limited by carrier hopping or tunnelling transport between filler particles. Thus the extent of dispersion and aspect ratio of the fillers, together with wettability of the fillers by the polymer matrices are key morphological characteristics in determining the electrical conductivity of the system [5] .
Traditionally, carbon fibre (CF), with high electrical conductivity (~10 2 S/cm), high aspect ratio ( ＞ 100), and low density （~1.4g/cm 3 ） , is available broadly as conductive filler. Many researches of CF/polymer composites concerning the electrical and electromagnetic properties have been reported [6] [7] [8] . However, because absorption losses A of CF/polymer composites is low, the negative effect of internal reflection losses B of the composites cannot be neglected, which results in bad electromagnetic shielding property of the composites. Moreover, CF reflects high electromagnetic waves, which will lead to "second electromagnetic pollution" to environment. Furthermore, because of micro-diameter of CF, the wettability of CF with polymer matrices is poor, which leads to negative effect on molding process of the CF/polymer composites.
Nano-Fe is a ferromagnetic material with nanometer scale diameter. It has many special properties in terms of prominent mechanical property, high surface activity, absorbing electromagnetic wave property and excellent compatibility with polymer medium. Because of good ferromagnetic property, nano-Fe is available broadly in military equipment protection, magnetic memorized material and magnetic refrigeration regions [9] . Kim ea tl [10] . reported electrical conductivity and electromagnetic interference shielding of MWNTs composites containing Fe catalyst. They found the absorption loss A of the composites increase because of the addition of Fe catalyst.
In attempts to improve EMI SE of CF/LDPE composites, especially improve absorption loss A of the composites, nano-Fe is added into CF/LDPE composites by melt compounding process. Microstructure of the composites was determined by taking images using scanning electron microscopy (SEM). Besides, DC electrical conductivity, permittivity, permeability, and EMI SE of nano-Fe/CF/LDPE composites are investigated in this paper.
Results and discussion

Electrical properties of nano-Fe/CF/LDPE
-DC electrical conductivity of nano-Fe/CF/LDPE composites Fig.1 presents DC electrical conductivity σ of nano-Fe/CF/LDPE composites as a function of CF mass fraction （p CF ）. As can be seen, the value of σ of nanoFe/CF/LDPE composites is higher than that of CF/LDPE composites. And in the same CF loading, the addition of nano-Fe leads to improvement of electrical conductivity of nano-Fe/CF/LDPE composite.
Furthermore, the value of σ of the composites follows the scaling law of percolation theory [11] . An abruptly short collation threshold（p c ）of the composites and p CF at percolation thresholds are shown in Table 1 .
As shown in Fig.1 , the percolation threshold of CF/LDPE composites is 0.10 mass fraction, which indicates electrical network of CF in CF/LDPE composites has formed at p c =0.10. As mass fraction of CF is beyond 0.10 mass fraction, the value of σ of the composites does not increase abruptly because the addition of CF is useless for the perfection of the electrical network. However, as nano-Fe is added into CF/LDPE composites (p CF =0.10), electrical conductivity of the composites continues to increase abruptly, and "double percolation" [12] appears in nano-Fe/CF/LDPE composites, which is summarized in Fig. 2 . As shown in Fig. 2 , "double percolation" appears in nano-Fe/CF/LDPE composites with the addition of nano-Fe from 0.04 to 0.19 mass fraction, and the value of σ of the composites increases sharply almost 10 3 orders of magnitude greater than that of CF/LDPE composites. And the value of σ of the composites is increasing and not stable when nano-Fe content varies in the range of 0.1 to 0.19 mass fraction. Fig. 3 presents logσ of nano-Fe/CF/LDPE composites (p CF =0.10) and CF/LDPE composites as a function of log(p-p c ). Electrical conductivity behavior of the composites above percolation threshold can be adequately described by scaling relation [11] :
where σ is the composite's electrical conductivity, φ is the fillers' volume fraction, φ c is percolation threshold, t is critical exponent, and σ 0 is adjustable parameter.
Because the densities of LDPE and that of CF or nano-Fe are similar, we assumed that mass fraction p and volume faction φ of CF or nano-Fe in LDPE matrix was almost the same.
log-log plots of σ to (p-p c ) were generated using Eq.(14) of nano-Fe/CF/LDPE and CF/LDPE composites in Fig. 3 and Fig. 4 , respectively. Data is shown in Table 2 .
According to statistical percolation theory [13] , t is correlative with distribution of fillers, and the computer models of conductivity percolation gives a critical exponent value of 2 for a 3D rigid rod network. As shown in Fig.3 , t of nano-Fe/CF/LDPE composites is more close to 2, which indicates 3D electrical network within nano-Fe/CF/LDPE composites is more perfect than that of CF/LDPE composites. The key morphological characteristics in determining the conductivity of an electrical system are the extent of filler dispersion, aspect ratio of filler, and wettability of filler by polymer medium [5] . So, high electrical conductivity, large surface area and high surface activity of nano-Fe, associated with its special shape and structure that are different from CF, result in a more perfect 3D electrical network than that of CF, and density of the fillers in this nano-Fe/CF 3D electrical network is higher than that of CF. Fig.4 , nano-Fe particles cluster within LDPE matrix due to their high surface energy. These "clusters" with nano-scale granularity disperse among interspaces of CF network, which lead to much more number of electrical particles in unit volume of the composites. So, the nano-Fe/CF 3D electrical network is constituted by CF frame and nano-Fe associated channel, and it is more efficient than CF 3D electrical network. With addition of nano-Fe ranging from 0.04 to 0.08 mass fractions, the electrical "clusters" of nano-Fe gradually form electron transport which is then facilitated through tunnelling throughout LDPE matrix or by electron "hopping" along nanoFe/CF interconnects. And as addition of nano-Fe goes beyond 0.08 mass fraction, further addition of nano-Fe cannot improve the electrical conductivity of nanoFe/CF/LDPE composites because the 3D nano-Fe/CF network has been formed and is perfect. Thus percolation threshold of the "double percolation" is p c =0.180 (with p CF =0.10 and p nano-Fe =0.08).
In addition, Fig.1 shows that the value of σ of the composites increase with addition of nano-Fe from 0.04 to 0.19, and as nano-Fe content varies at the range from 0.1 to 0.19 mass fraction, the σ value of the composites is increasingly not stable. The possible explanation is: the σ value of the composites with CF content below 0.1mass fraction is low because CF frame has not formed, so electrons transfer mostly through nano-Fe assistant channel. Yet, nano-Fe particles are rotundity, which are uneasy to connect one another to form electrical network, so the σ value of the composites with 0~0.1 mass fraction of CF is low. When CF content goes beyond 0.1, the σ value of the composites becomes high because of the form of CF frame, which leads to an efficient electron transfer in nano-Fe/CF 3D network. Moreover, when CF content is fixed, the changing trend of electrical conductivity is determined by percolation of nano-Fe assistant channel which has percolation threshold of 0.08 mass fraction of nano-Fe. Thus the increasing trend of electrical conductivity slows down when nano-Fe content exceeds 0.08 mass fraction, as shown in Fig. 1 and Fig.  2 .
Relative complex permeability They all increase with increasing addition of nano-Fe. Table 3 lists the value of initial DC permeability μ r , coercivity H c , saturation magnetization M s and residual magnetization M r of nano-Fe/CF/LDPE composites at the magnetic field intensity between -2500 G and 2500 G. Hysteresis represents the ability of ferromagnetic nano-Fe to convert electromagnetic energy to heat, which comes from irreversible move of magnetic domain wall and irreversible rotation of magnetic moment of nanoFe crystal. And size of hysteresis area (∮ HdB) on behalf of the dissipation of electromagnetic energy. So, Fig. 5 shows that the ability of dissipating electromagnetic energy of nano-Fe/CF/LDPE composites increases with the addition of nano-Fe. Fig. 6 shows the value of SE of nano-Fe/CF/LDPE composites and CF/LDPE composites as a function of frequency in ranges of 300KHz-100MHz. CF content is fixed at 0.10 mass fraction and nano-Fe content increases from 0.04 to 0.19 mass fraction. As seen from Fig.6 , the value of SE of the composites shows a monotonic increase at all frequency with increasing nano-Fe content, and the largest increase of SE is evident at 0.10 mass fraction. The possible explanation is that the composites have low permittivity ε r ≈ 2.8 because nano-Fe and CF have no polarizing ability in electrical field, which leads to σ≥100 εω. So, according to EMI shielding theory mentioned at 3.1, R and A of the composites are determined by the values of σ and μ when frequency of electromagnetic wave and thickness of the composites are fixed.
Electromagnetic effectiveness (SE)
According to Eq.12, the value of R increases with the increasing value of σ and decreases with the increasing value of μ. As shown in Fig. 2 and Tab. 3, the values of σ and μ are all increased with addition of nano-Fe. And the value of R is increased with addition of nano-Fe, as shown in Fig. 7 . So, it indicates the contribution of σ to R is more than that of μ. Moreover, Fig. 7 shows the value of R increases sharply with addition of nano-Fe from 0 to 0.10 mass fraction, then the increasing trend of R slows down as nano-Fe content goes beyond 0.10 mass fraction. The changing trend of curve R-p(nano-Fe) approaches to that of curve logσ-p(nano-Fe), which implies that R is determined mostly by σ, which can be explained by percolation of nano-Fe/CF 3D electrical network.
As shown in Fig. 7 , the absorption loss A from eddy current and hysteresis dissipation is not influenced by percolation. Liu et al [12] , regarded that the form of non-consecutive millimeter absorbing unit within the absorbing materials attributes to their absorption loss of electromagnetic energy, and the increasing content of the absorbing filler in the units was attributed for the absorbing materials to expand frequency and improve shielding effectiveness. Clusters of nano-Fe particles disperse within the composites in Fig. 4 . These nano-Fe clusters can absorb electromagnetic energy and conduct free electrons. Size and magnitude of the clusters increase with addition of nano-Fe, which result in increasing absorption loss of the composites. In general, shielding mechanism of nano-Fe/CF/LDPE composites is compound shielding mechanism, including absorption loss R and reflection loss A. R and A are all improved with increasing addition of nano-Fe from 0.04 to 0.19 mass fraction. A increases significantly with the increase of ferromagnetic nano-Fe clusters. The increase of R appears for the form of a perfect 3D electric network within the composites, and the increasing trend of R slows down as nano-Fe content reaches the percolation threshold (p c =0.08) of the nano-Fe associated channel. In addition, as shown in Fig. 7 , the contribution of R to total EMI SE of the composites with increasing addition of nano-Fe from 0.04 to 0.19 mass fraction is larger than that of A. And the changing trend of the curve SE-p(nano-Fe) in Fig.7 is close to curve A-p(nano-Fe) when nano-Fe content goes beyond 0.10 mass fraction, which indicates the contribution of A to total EMI SE of the composites are gradually increasing with continuous addition of nano-Fe.
The shielding mechanism is that the value of electrical conductivity increases greatly due to the form of nano-Fe/CF 3D electrical network when nano-Fe and CF content reach percolation threshold of nano-Fe/CF/LDPE composites, which results in the impedance of the composites to be less than that of free space (377 Ω). Thereby part electromagnetic wave is reflected at the surface of the composites. As electromagnetic wave goes into the composites, some electromagnetic energy is dissipated by eddy current loss of the composites, coming from the free electronic induction of CF and nano-Fe in alternating electromagnetic field. And some electromagnetic energy is dissipated by hysteresis loss, which comes from irreversible move of magnetic domain wall and irreversible rotation of magnetic moment of nano-Fe crystal.
Conclusions
Nano-Fe/CF/LDPE composites were prepared using melt compounding. Electromagnetic shielding effectiveness, electrical conductivity and relative permeability all improve for the addition of nano-Fe.
Microscopic observations across SEM images indicate that the clusters of nano-Fe particles are distributed in the LDPE matrix, which attribute to the perfection of 3D electrical network, so, the electrical network in nano-Fe/CF/LDPE is constituted by CF (frame structure)and nano-Fe (associated channels). As the content of CF for CF/LDPE composites reach the percolation threshold (p c =0.10), we add increasing addition of nano-Fe from 0.04 to 0.19 mass fraction into the composites, then, "double percolation" appears at p c =0.180 (with 0.10mass fraction of CF and 0.08 mass fraction of nano-Fe). The increase in electrical conductivity for the nanoFe/CF/LDPE composites on addition of nano-Fe is at least 10 3 orders of magnitude greater than that of CF/LDPE composites.
With increasing addition of nano-Fe from 0.04 to 0.19 mass fraction, the data of initial DC permeability μ r , coercivity H c , saturation magnetization M s and residual magnetization M r of nano-Fe/CF/LDPE composites at the magnetic field intensity between -2500 G and 2500 G increase, which indicate hysteresis loss of the composites increase. Real part of relative complex permeability μ r decreases gradually from 300 KHz to 100 MHz.
Yet, relative complex permittivity of nano-Fe/CF/LDPE composites does not increase with the addition of nano-Fe, and it is close to that of neat LDPE, which indicates that the composites are not able to dissipate electromagnetic energy through electronic polarization of CF and nano-Fe.
The shielding mechanism of nano-Fe/CF/LDPE is compound shielding mechanism, including absorption loss and reflection loss. Moreover, the contribution of reflection loss to total EMI SE for the composites is larger than that of the absorption. Absorption loss (A) increase significantly with increasing addition of nano-Fe from 0.04 to 0.19 mass fraction, and the increasing trend of reflection loss (R) slow down as the mass fraction of fillers reach percolation threshold (p c =0.180).
Experimental
Materials
CF was produced by Liaoning Anke Carbon Fibre Co., and used with resistivity 1.6 Ω·cm, diameter of 6.5 μm, and length of 3 mm. Low density polyethylene (LDPE) was used as a matrix, and its type was LD100-AC, produced by China Petroleum & Chemical Corporation. Tensile strength of 9 MPa, elongation at break of 500%, melt flow rate of 2 g/10min, and density of 0.9225 g/cm 3 . Nano-Fe was produced by Jiangyou Hebao Nano-Materials Corporation with diameter 30 ~ 50 nm and surface area ratio 25~38 cm 2 /g. γ-Aminopropyltriethoxy Silane (KH-550) was supplied by Anhui Tianchang Greenness Chemical Plant. When the mixture was completely melted, the ultimate pressure was maintained for 6 min, and then the mixture was cooled to room temperature. The specimens of 2 mm thickness were taken out from the compression mould. The detailed conditions are as follows:
Microstructure of the specimens were investigated by cold field emission scanning electron microscopy (SEM) S-4800, Hitachi High-Technologies Corporation. The fractured surfaces were gold plated, and then mounted over aluminum stub using double-side electric adhesive tape. The vacuum was in the order of 10 -4 to 10 -6 mmHg during scanning of the composite samples. This was done to observe surface morphology of the fractured surfaces.
-DC conductivity DC volume resistivity (ρ DC ) of the three types of composites was measured by fourcontact scheme, using EST991 Electric and Electrostatic Shielding Materials Volume Resistivity Meter. Every data was tested 3 times and the average value was calculated. A constant current was passed with a direct current (DC) voltage source. ρ DC was calculated by Ohm Law:
where V is voltage, I current, w and t the width and thickness of the specimens and l distance between inside metal electrodes, respectively. In this paper, the parameters l, w, t of the specimens were 20 mm, 10 mm and 2 mm, respectively.
-Relative complex permeability
The parameters l, w, t of the specimens was 5 mm, 5 mm and 2 mm, respectively. The specimens were cleaned with acetone and dried. Then relative permittivities of the specimens at magnetic intensity of ±2500 G were measured by Lake Shore-7040 Viberating Sample Magnetometer (USA). And permeability of the specimens in frequency ranges of 300 KHz-100 MHz were measured by Agilent 4294A precision impedance analyzer. Temperature was 20 0 C.
-Electromagnetic interference shielding effectiveness EMI SE of the specimens was measured in frequency ranges of 300 KHz-100 MHz by flange coaxial test method (Testing Standard: SJ20524-1995). The thickness and diameter of the circular specimens were 2 mm and 200 mm.
